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Transport Phenomena in Amorphous Silicon Doped 
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Charge transport in amorphous silicon (a-Si) doped with ion implantation of Un<\ Fe\- and. 
Cu' Tons is studied using ESR technique, temperature dependence of conductivity o(T), and; thcr- 
mopower »(T) measurements. With increasing of impurity (Mn, M. Fe) concentration (from 10 
to 10" cm" 3 ) the localized state density and a decrease owing to the passivation of silicon dangling 
bonds with mpuritv atoms. An analysis of conductivity and thermopower data allows to reveal 
threVt cnlperTture regions. 1) At 250 < 2* < 500 K a is due to holes excited from the acceptor 
npur tT^tates. 2) At T > 500K electron transport dominates. 3) At T < 250 K hopp.ng con- 
S with variable range hopping near Fermi level prevails. For a-Si:.Mu ,n the reg,o„ of 
1 < T < SO K foulcnb correlations are detected in the behaviour of o(T) The Coulomb gap is 
found to reach a maximum value 25 mcV which appears to be one order of value larger than the 
known (one) in semiconductors doped with shallow impurity levels. 

C noMoiuwo- MCTo^a 3HP, u3Mepc»«.H reMneparypHbix oaBm-.iMocreii ^m™™™ 
atT) » Tui)Mo-:).a.c. »(T) Hcc.iejoBan nepeHoc aapaaa b axop«iio» 5>i ia-bi>, -iciiipo 
HaiiiioM niiniiiiT^micit houob Mn*, Fe* u <*♦. C y^^J^SS^Z 

tiniiMucii (Mn Ni h Fe) ot 10" 30 10" cm" 1 npoHCXO-nrr pieHbUieiiiie n.ioTiiocTii .10hd.u1- 

np, "ecnux aTOMon ato.BH »4«t.. Anw «*) > «T) nw ^'^J^ T^ 
•'50 < T < 500 K. nponoaMMOCTb onpeaejiHerc* aupKUia, B03oy«,aeiiiibiM« l npii 
iZmx u^ucTopHL.s dbcTOfiHufi ; 2) „p* T > 500 K wnpytT ™ e ^°2f™™'* 
ciiodt- 3) nun T < 250 K npeo6naaaeT npbBKKOBaa npoBoaitMocrb aonnan JP«"«« 
S.', R torn. 4<T<80K d reMnepaxypHon aanucnMocra npoaoswaocTH 
a S :Mn ounapy^ei.o nponunH. KyaonoocKWX Koppe.nuu. * cram^eno . to 
Mai,ci:Mani.naH neuroma KY.ioHoncKoft menu cocraKiHeT *2o mc\ . uto oonee «io ua 
rlo,»naoK «peB«u.acT nHaieui.n, ' iisBecnitie *ui cncreM no-iynpoBoannK-npuMeci. c 

Me.'IKMMlt VpOBIlflMH. 

I. Introduction 

Transition metals with nonfilled 3d-sheU easily interact with lattice imperfection. 1 in 
Si. Recently [11 ti [3] it was shown that doping by ion implantation with medium 
dose or by co-sputtering of 3d-transition metals makes it possible to reduce consider- 
ablv the localized state density due to dangling bonds. Increasing implantation dose 
raises the conductivity of amorphous silicon (a-Si) [3]. The dangling bond compen- 
sation and high doping efficiency achieved by Mn implantation were discussed in 
terms of a structural model based on impurity-defect complexes. The behaviour 01 
other first transition row elements is also of interest in a-Si. 

») Akadcmikian Lavrcntev Prospckt 13, 630090 Novosibirsk 90, USSR. 
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Fig. 1- Spectra of He 4 " ions backscattered from a) ini- 
tial a-Si and b) a-Si:Fe films, J? p i and j? p2 mean pro- 
jected ranges of Fe* ions with energies of 50 and 
120 keV, respectively 




In this paper the results of study of trans- 
port properties of a-Si doped with Mn, Fe, and 
200 jfi concentrations 'from 10 18 to 6 X 10 21 cm" 1 

are reported. The temperature and concentra- 
tion dependences of conductivity and ther- 
mopower were studied in detail. 

2. Experimental 

The a-Si films were prepared by electron-beam 
evaporation onto quartz substrates at a pressure 
of 10" 4 Pa, The deposition rate and substrate 
temperature were 0.3 to 0.5 nm/s and 350 C C\ 
respectively. The final thickness of a-Si layers 
■was about 0.25 fxm. The amorphous structure 
of the films was controlled by the electron dif- 
fraction technique. 

Ion implantation was carried out on the High Voltage Engineering Europa 350 kV 
heavy ion accelerator. Samples were mounted on a water-cooled target holder. The 
ion current density at the target was kept below 2.5 uA/cm 2 . In order to reach a 
homogeneous implant concentration in depth multiple energy implantation was used 
with ion energies ranging from 50 to 230 keV (Fig. 1). The EPR signal was measured 
in X-band by spectrometer Varian E4502. 

3. Results and Discussion 

High dangling bond density is typical for undoped a-Si layers (spin concentrations 
within the range 5 x 10 19 to 2 x 10 2 ° cm' 3 ), independently of the preparation 
technique (deposition in vacuum, ion bombardment of crystalline Si, etc.). In the case 
when an impurity- is chemically active in Si, dangling bond ,compensat ion occurs via 
impurity-defect interaction [2]1 It becomes possible'" when the impurity concentration 
N is comparable with or larger than the defect concentration 2V d . Our EPR measure- 
ments show (Fig. 2) the effect of spin compensation which was observed for all ele- 
m nts, excluding argon, in the dose range 10 15 to 10 1 * cm" 2 that means implant con- 
centrations N ^ 10 20 cm™ 3 . 

Transition metals Cr, Mn, and Fe are most effective in this respect apparently due 
to the presence of the nonfilled 3d-shell which is able to form covalent bonds with the 
unpaired electrons of defects under s-p hybridization [4]. We believe that the effect 
of compensation is caused by direct binding of an impurity atom with a defect rather 
than by electron transfer from transition metal atom to defect. 

We now consider the electrophysical properties of a-Si doped with metallic im- 
plants. Fig. 3 shows that conductivity slightly increasing with implant concentration? 
from 10 18 to 10 w cm" 3 . Within the range 1 X 10 19 to 2 x 10 19 cm- 5 conductivity has 
a minimum indicating dangling bond passivation by impurity atoms and suppression 
of the hopping conduction via localized states. With further increase in transition 
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Fig. 2. Dose dependence of number 
spins in a-Si implanted by different 
ions of metals {N* is the sheet spin 
density. Al was implanted by Dr. A. 
Mertens (Humboldt University, Ber- 
lin). Current densities of Al + of 
40 fi.A/cm* were reached at high-dose 
implantation) 




metal concentration the conduc tivity rises steeply, reaching a maximum value of 
60 £T l cm :i in a-Si:Mn at xV = 6 x 10 21 cnr 3 . 

To be sure that the high conductivity was not the result of percolation through 
metallic phase inclusions, we performed conductivity measure ments on a-S i implanted 
with Al* ions, whose concentration "reached 10-- cm" 3 (about al%). Aluminium 
tends to produce metallic phase inclusions at this concentration [5]. The conductivity 

of a-Si:Al was proved to be three or four orders 
of magnitude less than that of a-Si:Mn. So the 
high conductivity in a-Si:Mn could not be con- 
nected with metallic phase inclusions. 

With Cu* implantation the conductivity varies 
slightly anddoesnotexceed (2 to3) X lO^Q^cm" 1 . 
This result seems to be explained by precipitation 
of a solid state solution of a-Si:Cu at implanta- 
tion. A small doping effect is also observed in 
a-Si;Mg. 




Fig. 3, Conductivity versus implant concentration in a- 
Si implanted with ions of metals 
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Another possibility of explanation of the steep increase in conductmty is the silicide 
formation. Transition metals are known [6] to produce silicide, that are semiconduc- 
tors with band gap about 0.3 to 0.4 eV excepting nickel silicide whose properties are 
close to metals So, if suicides were really produced in our experiments the con- 
ductivity should be a few orders of magnitude higher m a-Si:Ni than in 
a-Si:Fe at equal concentration of implanted impurities. We obtained practical ly the 
same ralues of a for these three metals. This points to a low effect of sjcide formation. 
According to [7] silicides were not detected in ion-implanted Si when the concentrate 
of Fe was less than 30at%. In our study [8] silicide formation was observed w 
a'shMn with 10- cm- after annealing at 350 "C only. Conductivity was 

decreased at annealing. After higher-temperature annealing the pure metallic phase 
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Fig. 4. a) Conductivity and b) thermopower versus reciprocal temp c«tun, in .A »or .) U» 
If = 5 x 10«\ (2) 2 X 10". <3) 5 X 10 s ", (4) 2 X 10« cm" 1 ; for b) (1) initial, (-) .V 
(3) 2 X 10" cm - ' 

b) (i) initial, (2) 0 X 10", and (3) 2 X 10= l cm"* 
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We have found that the temperature dependence of conductivity for a-Si Mn with 
-ntentsof 4. 8, and 10 at% followed the activation law a( T) 1 «p H^/V^ 

(Fig. 6). This behaviour is valid for the hopp- 

, * n 8 mechanism involving the electron-hole in- 

j teraction, which causes a Coulomb gap J in 
J the spectrum of localized states near the Fermi 
j ^ e . UThe ™l»eofd~.*/2(2VP*)V*[ll], where 
•■s T is the temperature starting from which con- 
j ductmty follows <r— exp (- (TJT) X '-) . Theory 
| Predicts the parameter T 0 = l/k^e^a), where 
-j p is the numerical constant of 2.8, e the elec- 
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Fig. 6. Conductivity of a-Si films doped witb Mil 
versus . r 
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tron charge, x the dielectric constant, and a the localization radius [10]. Estimations 
show that j is equal to 25, 10, and 3 meV, respectively, for a-Si:Mn with 4, 8, and 
10 at% impurity c ntent. It is substantially higher than for phosphorus-doped a-$>i 
■[12]. This result may be explained by the much lower localization length (radius) of 
states induced by a transition metal atom with nonfilled d-shell. Using again the 
theory of hopping conductivity [13] we may write the conductivity of the system of 
randomly dispersed sites as a ~~ exp (— C/^ 1/3a )» ^here the numerical constant £ ^ 
« 1.7. From the semildgarithmic plot of conductivity versus reciprocal mean distance 
between impurity atoms with concentration in the range of 10 19 to 10 20 cm" 3 we ob- 
tained the value of .a =s 1 run. In the case of phosphorus-implanted a-Si the localiza- 
tion radius appears to be 10 to 20 nm within the same concentration range. 

With increase in impurity concentration the gap tends to zero because of the transi- 
tion of doped a-Si layers to the quasimetallic state, which was observed by us at 12 
and 16 at% of Mn, where the conductivity depends on temperature as <t~~ yo.«tou^ 

4. Conclusions 

The elements of the first transition row of the periodical table being implanted in 
a-Si are incorporated into the structural network of the material and form acceptor- 
type centres. This is accompanied by dangling bond passivation. From the temperas, 
ture dependence of conductivity three different types of conduction are distinguished. 
Above 500 K transport via conduction band electrons occurs, within the range 3l»i 
to 500 K valence band transport dominates by holes excited from impurity acceptor 
states, and below 250 K hopping conduction through an impurity band near the Fermi 
level becomes predominant. In the temperature dependence of the conductivity un- 
observed the occurrence of an energy gap centred at the Fermi energy. The appear- 
ance of this gap probably is caused by the Coulomb interaction between carriers at 
localized states. The maximal width of the gap was anomalously high (25 meV). 
significantly larger than in phosphorus-doped a-Si. 

A ckno icledyenxen ts 

The authors are indebted to Dr. A. V. Spitsyn for hetyful discussions and to A. I. 
Yakimov for low-temperature conductivity measurements. 
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Tne spectroscopic properties are studied 
The spectroscopic information obtuinec 
activator centres, Xd 3+ , is explained c 
investigation of the kinetics and the i 
host sensitization for Xd 1 * ion lumines 
citation energy transfer from the lattio- 
crystalline laser with optical pumping nv 

IleaicjoDauu cneKTpoi'KutnmecKtt 
KpiicTanna Bi^GeO^rNd 3 *. rio.iyuo 
nannn ii ciiMMeTpuii airrunaTopiiw 
.inaa CTpyKTvpuwx OCoGcilHOC'TCil 
itHTeiicHBHOCTHue xapaKTopncTiiuu 
ceHcnoiuii3amiii ^oToniOMinieciten 

.lH3HpyCTCH U03MOH«U1ilH MexauiM- 

necKOii peuieTKii vnoMnuectiupyioii 
KpHCTa.inHHecKbro nnacpa, b ocho 
oiuzuaauiiA ranvHeimfl aKTumvropH 

~~ 1. Introduction 

The urgency of searching spectral 
ionsfTR 3 * ions) in broad-band sen 
band width, which can provide n 
arrangement of electron bands of 
[1], The results of the abore-said 1 
conductors are interesting as phot 
methods of TR 3 * ion lumincsceiv 
host, i.e. they can be considered ; 
the activator ions can be sensit 
Bi uGeOao:Nd 3 *, too [2]. Crystal- 
formed in the binary Bi 2 0 3 -GeO 
-Germanium sillenite single crysta 
width JS g = 3.4 eV, specific resist 
<Iuctivity with maximum at 420 
effect [5]. Their optical transparer 
are optically isotropic with n == 2. 
*>f an electric field they become bir 

*) Leninskii prospekt 59, 117333 3lo> 



